Fractal feature of aluminum foam (Al-foam) section is analyzed with digital image processing technique, and fractal dimension of Al-foam is evaluated with logarithmic linear regression method. Sierpinski carpet can be used to model Al-foam section. Al-foam with different fractal dimensions and relative density can be obtained by adjusting iteration times and division parameters. Sierpinski sponge is extended from Sierpinski carpet and used to model 3D Al-foam bumper. Node-separation Lagrangian finite element method (FEM) is introduced to simulate the hypervelocity impact (HVI) process. The modeling and simulation method is calibrated by the comparison of numerical results and experimental data. Ballistic limit curves of Al-foam and aluminum alloy bumper with the same areal density are obtained by simulations. The results show that the protection performance of Al-foam bumper is much better than aluminum alloy bumper. Al-foam is well suited for spacecraft shield application.
Introduction1
By adding additives into aluminum or aluminum alloy, aluminum foam (Al-foam) is generated after foaming process. It has both metal and bubble characteristics. Because of the low density and high ability of absorbing shock energy, in the recent years, it has been widely used in protection and energy absorbing. There have been researches of dynamic characteristics for Al-foam since the 1990s, especially the performance at high strain rate.
A lot of experiments have been conducted. San Marchi, et al. [1] studied the mechanical properties of open-cell Al-foam. Banhart [2] made a wide research of the manufacture, characterization and application of cellular metals and metal foams. Chen, et al. [3] did researches about energy absorbing performance under *Corresponding author. Tel.: +86-10-82319067.
E-mail address: jiaguanghui@buaa.edu.cn 1000-9361 © 2011 Elsevier Ltd. doi: 10.1016/S1000-9361(11)60086-1 slow shock and static pressure for both open and close Al-foam. Zhang, et al. [4] used split Hopkinson pressure bar equipment to test strain rate of close Al-Form and got stress and strain curve with different porosity. Jia [5] [6] [7] and Liu [8] , et al. did researches about the performance for Al-foam protection structure under the conditions of hypervelocity impact (HVI).
A lot of attentions have been paid to Al-foam in the field of spacecraft protection structure design because of its high specific strength and specific stiffness. Spacecraft protection structure is a shield which covers the important parts of spacecraft at the surface. It can resist impact from space debris and micrometeoroid. The relative speed between orbital spacecraft and space debris is usually several kilometers per second and this kind of impact is defined as hypervelocity impact [9] . It costs a great deal to accelerate objects to hypervelocity on the ground. The ground equipment is therefore very complex and expensive, so numerical simulation is required desperately for spacecraft protection structure analysis. As a result the numerical simulation for Al-foam is becoming a hotspot.
As Al-foam has stochastic void structure, the coupling between macro and meso scales makes the modeling very difficult. This adds extra hard work to the complex hypervelocity impact simulation. There are also some research results for Al-foam numerical simulation. Zhang, et al. [4] used 2D finite element method (FEM) conducted crush simulation. Yu, et al. [10] used material equivalence to conduct deformation simulations under specified load. In his paper FEM is used to model solid unit and crushable foam model [11] [12] from LS-DYNA is used to describe the material. Jia [5] [6] [7] and Liu [8] , et al. used smoothed particle hydrodynamics (SPH) to model the bumper and then delete some particles with certain distribution rules. The equivalence is built with equal average material density. Then SPH method is applied to simulate hypervelocity impact and results match experiment well.
Besides, there is another idea to consider the inherent association between mechanics and geometry so that the influence of the randomness and self-similarity in the geometry on the material property can be modeled. He [13] , Wang [14] , Kovacik [15] , Motz [16] and Song [17] , et al. used fractal geometry to analyze the fractal dimension of metallic foam and proposed that the foam material can be equivalent to classical fractal geometry objects with the same fractal dimension.
Based on the fractal equivalence, this paper proposes an Al-foam fractal mesh model and investigates hypervelocity impact simulation of it. Considering the invalidity of traditional FEM results caused by element erosion, node-separation method [18] [19] [20] (NSM) is used for hypervelocity impact simulation. The consistence between simulation and experiment results shows this approach is valid. Using the simulation scheme, ballistic limit characteristics are compared between Al-foam and Al alloy bumpers.
Fractal Feature of Al-foam
"Fractal" is proposed by French mathematician Mandelbrot, et al. [21] . It is a non-Euclidean geometry theory used to describe the irregularity in the nature. By investigating the coach line of England, the definition of space dimension is extended. Fractal dimension is introduced to explain the reliance of the observation result on the measure scale and also explain the randomness and self-similarity.
There are lots of ways to define fractal dimension. In this paper the widely used box-counting dimension is concerned. The scale-area definition method which is the closest to digital image processing is used to describe box-counting dimension. Fig. 1 shows an example of an image with different scales. To measure the area of the circle in the center, meshes large enough for covering the circle are created. The grids in three scales in fact present the same area. For better display the image has been zoomed. While the resolution is 1 time (1×), the black area equals 4 grids; using 2 times (2×) resolution, the area equals 32 grids; using 4×, 120 grids, so on and so forth, the resolution can be enlarged more. Applying linear regression to logarithm of resolution magnification times and logarithm of the black grid amount, the slope of the line is fractal dimension. When it comes to 8×, fractal dimension almost reaches 2 and does not change with the further enlargement of resolution. It means "circle" is a normal 2D image without fractal. But for fractal object, the process above will result in a fractal dimension between 1-2. This analysis process can also be used to determine whether specified geometry has fractal feature. 
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No. 6 Al area, and the dashed line square-rule area. Squarerule here means when resolution is n times, area will be n 2 times. That is a characteristic for normal 2D geometry. For Al-foam, the solid line is lower than the dashed line which means its fractal dimension is less than 2. Ref. [13] studied the influence of the size effect on the fractal dimension definition. There is a lower threshold of the size. Al-foam smaller than that threshold does not have fractal characteristics. The general order of magnitude of the threshold is 10 −1 mm. In spacecraft shield application, the size of Al-foam is at least 10 times of the cell diameter and it is much larger than the general threshold. Therefore based on the shielding purpose the restriction of size effect on fractal dimension definition can be ignored.
Fractal Model of Al-foam
Fractal dimension is the measurement of the meso structure characteristics of Al-foam. The assumption in Ref. [13] -the typical fractal geometry with the same fractal dimension as Al-foam has the same mechanics feature as Al-foam-is introduced in this paper. The validity of this assumption will be demonstrated in three parts in the next section: creating equivalent model of Al-foam, numerical simulation and calibration based on experimental data.
The geometry of Al-foam section can be mapped to expanded Sierpinski carpet. Fig. 5 shows the first three iterations of Sierpinski carpet. The white part is Al, and black part is void. This kind of Sierpinski carpet is denoted as 
Eq. (1) shows that the fractal dimension is only affected by p and q, and for can be taken as the equivalent geometry of Al-foam. In each iteration there will be some material deleted for Sierpinski carpet, so after n iterations the percentage of the rest material (or relative density) is 
Note that iteration times do not affect fractal dimension of Sierpinski carpet, the relative density of the model can therefore be equal to real Al-foam material by adjusting iteration times. Finally since the edge length of Sierpinski carpet affects neither fractal dimension nor the relative density, the size of the carpet can be directly changed to that of the Al-foam in the experiment.
Hypervelocity impact simulation prompts extra requirement for Al-foam geometry model. First for simulation, the veracity of 2D simulation is less than 3D's. Besides, 3D simulation can conclude anisotropic features in the impact process. So 3D method is widely used for hypervelocity impact simulation. In order to apply 3D simulation, it needs to extend planar Sier- is also extended to space and FEM meshes are generated, which is denominated as Sierpinski sponge in this paper and shown in Fig. 6 . Since units are deleted inside and this cannot be seen outside, the scenograph is given. There is another consideration. Spacecraft protective structure is usually a plate so the scale of one direction will be much smaller than the other two's. If directly setting the edge length of Sierpinski sponge equal to the bumper's edge length correspondingly, there will be two problems: 1) the meso cells might be very big and turn into macro cells; 2) the scale of cells will be very different in three directions. These two problems are obviously not the same as the real foam and will also bring unstable factors into simulation.
To solve these problems, this paper proposes an approach which contains three steps:
Step 1 Based on a specified porosity, Sierpinski sponge model is built.
Step 2 Choosing thickness of bumper as edge length for each directions.
Step 3 Generating bumper model through arraying Sierpinski sponge.
The porosity of this model will be a little different from real one. There are two reasons of it. First, the iteration times of Sierpinski carpet is discrete and accordingly the porosity of fractal model is discrete. Secondly, while planar carpet is extending into space sponge, porosity and the relative density also change. To reduce the effects of relative density error to impact simulation results, the density of Al-foam will be adjusted slightly. The density of the simulation model will be equal to the real bumper and it also guarantees that mass of the two is the same.
Node-separation Method
Traditional Lagrangian FEM has to divide continuous meshes to achieve crack. In order to maintain the simulation, mesh distortion also needs to be dealt with. Fracture erosion method is used to solve crack and mesh distortion by deleting elements with large deformation. For hypervelocity impact, since deformed field is wide, a lot of elements are deleted. It blocks the fragment generation and fragment cloud evolvement in the simulation. On the other hand, kinetic energy is transferred into deformation energy and stored into lager deformed elements. The elimination of large amount of elements causes non-neglectable total energy loss and this finally results in invalid deformation. Fig. 7 is typical simulation result of fracture erosion based on FEM. The projectile perforates the bumper from the left to the right. The result is obviously invalid because of the elimination of too many elements. Node-separation method (see Fig. 8 ) is an improvement to traditional Lagrangian FEM. The nodes are replicated and the number of copies is equal to that of elements that the nodes are shared by. These copies are coincided in space. The nodes are assigned to the elements, which share the original node, one to one. These nodes are made into a node set and constraint is applied to this set. The nodes share the degrees of freedom in spacial motion. Constraint is released when fracture criterion is satisfied. After the release the nodes in the set do not pass stress from one another. In this way the elements are separated and crack is generated. Node-separation method is used to solve mesh divi sion problem instead of fracture erosion method. However, since impact energy is always large in HVI and the deformation is serious, there will also be elements with phase transition. Besides, solid material can have arbitrary shear deformation after liquefaction or gasification and it will cause mesh distortion. Distortion erosion procedure is introduced to detect distorted meshes and delete elements correspondingly. Compared to fracture erosion method, node-separation method with distortion erosion also deletes elements. However, it preserves the elements which have cracked but do not have phase transition. That reduces deformation energy loss as much as possible. Fig. 9 shows simulation result of Al alloy bumper impact by space debris with node-separation method. In node-separation method simulation, the phase changed elements are deleted; the nodes are maintained and kept moving with speed at deleting time. But these nodes will not be involved in passing stress or deformation. They can be treated as fragments which are even smaller than element scale. The fractal model equivalently describes the porosity of Al-foam. Besides, Al-foam also has some random details in it. To describe the randomness 5%-10% of the constraints on the coincided node sets are randomly released at the initial time. Then the model contains some random faults in it.
HVI Simulation Calibration
To calibrate the proposed method in this paper, simulation with the same condition of experiment [22] is conducted. Al alloy projectile with diameter of 6.35 mm impacts Al-foam bumper at the speed of 4.08 km/s. The thickness of Al-foam bumper is 10 mm and the relative density is 27% (porosity is 73%). As Eq. (2) Fig. 10 shows the results of impact. The solid mesh parts stand for material with solid state and node parts stand for phase changed elements. The profile of the hole can be observed clearly. The irregular side surface of the hole is caused by fractal structures inside of mesh. Fig. 11 compares the hole of Al-foam from experiment and simulation results. The diameter of experiment result is 1.45 cm and 1.42 cm for simulation result. The relative error is 2.1%. Fig . 12 illustrates another calibration case [8] . The diameter of the Al alloy projectile is 3.9 mm. The thickness of the Al-foam bumper is 3.3 mm. The relative density is 46% (porosity is 54%). And the iteration times is set to 5. The debris cloud from the simulation result and that from the X-Ray device is compared. The similarity of the debris clouds also shows the validation of this method.
The two calibration cases also support the basic approximation that the fractal model and Al-foam with the same dimension present similar mechanics characteristics. 
Al-foam Protection Performance Analysis
In this section, the hypervelocity impact of Al alloy and Al-foam is simulated and the protection performances of Al alloy and Al-foam bumpers are compared.
Ballistic limit curve (BLC) [23] shows the relationship between critical perforation diameter and the impact velocity of the projectile. Critical perforation diameter is the critical status between "perforation" and "non-perforation". BLC is the main index for evaluating the performance of satellite shield. The objective of the shield design is to find the material with lower weight and higher performance. Therefore, to make a quantitative comparison of the two different kinds of shield, simulation of Al alloy bumper (thickness= 2.7 mm) with the same areal density as the Al-foam in Fig.10 is also conducted with non-seperation method. The Al and Al-foam bumpers have the same mass with the same area. The ballistic limit analysis is applied to the two shields. Fig. 13 illustrates the BLCs of two shields. The upper the curve is, the larger debris the bumper can withstand at the same impact velocity. The curves show that the anti-impact performance of Al-foam is much better than Al alloy. 
Conclusions
The fractal characteristic of Al-foam is analyzed, and equivalent fractal model of Al-foam is built up. Then hypervelocity impact simulation and ballistic limit analysis are conducted based on this model. From the research, we can conclude that (1) Digital image processing and regression analysis shows that Al-foam structure does have fractal characteristics.
(2) Expanded Sierpinski carpet is used to model geometry of Al-foam. By adjusting the iteration times and edge division parameters, Al-foam models with different fractal dimensions and relative density can be obtained. Sierpinski sponge can be used to model 3D Al-foam bumper.
(3) The combined method of fractal modeling and node-seperation method is available and validated for Al-foam hypervelocity impact simulation.
(4) Ballistic limit analysis shows that Al-foam bumper has much better protection performance than Al alloy. Al-foam is well suited for spacecraft shielding.
